Abstract-The design of a structure for the 150-mm coil aperture Nb 3 Sn quadrupole magnet is presented to demonstrate principles for use in the upgrade for LHC at CERN. The design builds on existing technology developed in LARP and further optimizes the features required for operation in the accelerator. The structure and the assembly methods include features for maintaining mechanical alignment of the coils to achieve the required field quality. The structure also incorporates a helium containment vessel and provisions for cooling with 1.9 K helium. The paper will include critical design elements and supporting structural analysis.
I. INTRODUCTION
L ARP has built 90 mm aperture (LQ) [1] and is presently building 120 mm (HQ) [2] R&D niobium-tin quadrupole cold masses in support of the upgrade to the LHC [3] at CERN. These cold masses utilize "bladder and key" technology [4] - [9] . The BNL 120 mm alternate structure [10] - [12] , has been designed to employ all the benefits of the existing LQ and HQ structures while making important improvements. As a result of CERN's decision to increase the quadrupole aperture to 150 mm, BNL has recently designed a similar support structure for a 150 mm (QXF) coil aperture. This newer design borrows much of the technology from its predecessor and includes some key optimizations such as the requirement for less expensive collar material and oversized 1.9 K heat exchanger holes. The aluminum collars retain the traditional tapered key design with a mechanical stop at the midplane to finalize the coil cross section and position at the initial assembly. Also retained in this design is an economy of individual parts between the coil pole and the external helium vessel alignment point, thereby minimizing alignment error accumulation and improving alignment. The main challenge in increasing the aperture from 120 to 150 mm has been to maintain acceptably low stresses and deflections in the support structure while maintaining acceptable coil azimuthal stress levels during all phases of assembly, cool-down, and operation. The design of the external helium vessel alignment system maintains positive alignment between coil and vessel along the magnet's full length. The structure uses the stainless steel helium vessel itself as a stiff axial coil support member suitable for full length magnets.
II. DESIGN
The two-dimensional (2-D) cross section of the coil support structure is shown in Fig. 1 . 150 mm LARP quadrupole coils with integral titanium poles are supported by series 6000 aluminum collars which offer full radial support. They are interlocked together by two tapered keys per quadrant. The collars are designed as a single stamped lamination of all critical features, with interlocking reliefs machined in a secondary operation.
The design employs outer yoke components split into eight parts permitting central tabs of the four-part quadrupole inner yoke to be readily accessed from outside the helium vessel via clearance holes in both the series 7000 aluminum support shell and stainless steel helium vessel. In this way only two elements transmit coil alignment: the aluminum collar and the inner yoke. Other features include yoke alignment keys that 1051-8223 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. function independently from the load keys. This helps maintain straightness and alignment during yoke assembly. Also, an insulation system is incorporated to protect the coils electrically to each other and to ground, and radial spacers between collar and coil permit some preload adjustments based on inspected coil sizes.
III. ANALYSIS
A 2-D finite element analysis was performed using ANSYS. Six load steps were applied: Collaring, full bladder pressure applied, yoke keys installed and bladder pressure removed, cooldown to 4 K, power to 140 T/m, and power to 157 T/m. The collars need only apply a relatively low coil azimuthal prestress of about 16-21 MPa at the poles. Series 6000 aluminum may suffice to withstand a maximum equivalent stress of 300 MPa in a very small portion of the keyway. Figs. 2 and 3 show the coil azimuthal prestress and the collar lug equivalent stresses at collaring, respectively. Note that during the assembly into yoke and shell the tension in the collar and collar lugs are relieved and the collar becomes a compressive radial spacer around the coils.
Next, with collared coils installed into yoke and shell, a maximum bladder pressure of 30 MPa is applied resulting in 61-60 MPa compression at the inner and outer coil pole midsections respectively, and 40-53 MPa compression at the inner and outer coil midplane midsections respectively. (Note that stresses are customarily reported at the coil midsections to standardize the comparison of different coil and structure analyses among the LARP collaborators.) The coil azimuthal stress profile is shown in Fig. 4 . The corresponding yoke and aluminum shell equivalent stresses are shown in Fig. 5 . These stresses remain at safe levels during the application of full bladder pressure. After the yoke keys are inserted and bladder pressure is removed, the coil stresses reduce to 36-31 MPa compression at the inner and outer coil pole midsections respectively, and 20-30 MPa compression at the inner and outer coil midplane midsections respectively. The corresponding yoke and shell equivalent stresses are predictably lower as well.
At cool-down the thermal shrinkage of the aluminum support shell increases the loading of the coils until limited by the mechanical stops of the collars. Because the iron yoke shrinks less than the aluminum shell and collars, and since the yoke quadrants do not contact each other at the midplanes (in this preliminary design-in the future, yokes may be optimized to close at 4 K), they assist in increasing the coil stress at cool-down. As shown in Fig. 6 , the coil stresses increase to 102-121 MPa compression at the inner and outer coil pole midsections respectively, and 79-91 MPa compression at the inner and outer coil midplane midsections respectively. The corresponding yoke and shell equivalent stresses are of course higher as shown in Fig. 7 .
At powering to 140 T/m peak flux gradient (the design gradient), coil stresses remain in compression. Stresses reduce to 14 MPa compression at the inner and outer coil pole midsections respectively, and increase to 135-125 MPa compression at the inner and outer coil midplane midsections respectively. Coil radial deflection at the midplane is 67 microns radially outward.
Increasing to 157 T/m peak flux gradient (added operating margin), coil stresses begin to go into tension at the pole. As seen in Fig. 8 , they reduce to 5 MPa tension and 5 MPa compression at the inner and outer coil pole midsections respectively, and increase to 152-135 MPa compression at the inner and outer coil midplane midsections respectively. The corresponding yoke and shell equivalent stresses are shown in Fig. 9 . Coil radial deflection at the midplane is 80 microns radially outward.
Figs. 10 and 11 summarize the coil stresses at coil midpoint during assembly and operation. They are results of the 2-D mechanical analysis.
IV. ADDITIONAL STUDY
A 3-D finite element analysis was performed on the axial support system of the full length 4.4 m magnet. A 1.4 MN axial load was applied to a 150 mm thick end plate and 10 mm thick stainless steel helium vessel. All stresses are within the limits of 300 series stainless steel. End plate deflection is 0.15 mm and helium vessel elongation is 1.2 mm. This results in a total axial strain of 0.04% on the conductor.
V. CONCLUSION
A support structure has been designed for use in 150 mm Nb 3 Sn quadrupole magnets for an upgrade to the LHC at CERN. Finite element analysis results indicate that it is a viable system at the design gradient of 140 T/m. At 157 T/m, coil stresses range from 5 MPa tension at the pole to 178 MPa compression at the midplane. Coil radial deflection is 80 microns outward which compensates for the initial 100 micron inward deflection at yoke loading. 20 mm × 80 mm bladder/ busbar slots provide low working pressure (30 MPa) and additional secondary helium space. End plate stress and deflection are acceptable and total axial conductor strain is within the allowable limit.
